The effects of calcium oxide doping (0.75, 1.5 and 3 mol% CaO) and calcination temperature (400, 500, 600 and 700°C) on different surface properties of Co 3 O 4 were investigated. The structural properties of pure and doped oxide samples were determined by XRD methods, the textural properties were investigated via the adsorption of nitrogen at -196°C while the hydrogen peroxide decomposition activity of the investigated solids was determined by oxygen gasometric measurement of the reaction kinetics at 20-40°C.
INTRODUCTION
The catalytic activity and selectivity of a catalyst may be greatly affected by the geometric characteristics of its surface. Thus, dehydration reactions may occur preferentially on the flat surface whilst dehydrogenation occurs in narrow pores (Schwab and Schwab-Agallidix 1949) . Nitrogen adsorption isotherms measured at -196°C offer a convenient tool for the investigation of the pore structure and its development during the preparation of active solids (Sing et al. 1985) . Such isotherms allow different textural data concerning the total pore volume, surface area and mean pore radius to be obtained (de Boer 1985) .
It is well known that the textural and catalytic characteristics of a catalyst are influenced by its method of preparation and the calcination temperature (Mourad et al. 1981; Deraz and El-Shobaky 2001; Deraz 2001) . These characteristics may also be affected by the incorporation of small amounts of foreign ions in the lattice of a solid catalyst (El-Shobaky and Turky 2001) . However, the homogeneous distribution of the foreign ions throughout the whole mass of the solid requires thermal treatment at elevated temperatures that leads, unfortunately, to the sintering of the doped catalyst (Bialanski et al. 1962; Koide 1965; Deraz 2001) . However, the dissolution of dopant ions in the outermost surface layers of a catalyst may occur at relativity low temperatures (El-Shobaky 1978) . In addition, the dissolution of divalent metal oxide (MO) in Co 3 O 4 may follow different mechanisms depending mainly on the history and calcination temperature of the solid. These mechanisms are (i) the location of dopant ions in cationic vacancies pre-existing in the pure Co 3 O 4 solid (Parravano and Boudard 1956) , (ii) the introduction of foreign ions in interstitial positions (Bialanski et al. 1964 ) and (iii) the substitution of some cobalt ions in the Co 3 O 4 lattice by foreign ions (Verwey et al. 1950) .
The present study has focused attention on the effect of a small quantity of calcium ions on the textural and catalytic properties of cobaltic oxide catalysts calcined at 400, 500, 600 or 700°C, respectively.
EXPERIMENTAL

Materials
Basic cobalt carbonate was obtained by precipitation from hydrated cobalt nitrate using potassium bicarbonate at room temperature in a CO 2 atmosphere. The precipitate was allowed to settle, washed thoroughly with distilled water until free from potassium and nitrate ions and then dried under vacuum at 80°C. The composition of the solid was determined as 5CoCO 3 · Co(OH) 2 (El-Shobaky et al. 1983) .
Pure and doped cobalt oxide specimens were prepared by the thermal decomposition (calcination) of the pure basic cobalt carbonate and basic carbonate impregnated with different proportions of calcium nitrate, respectively. Such calcination of the pure and doped solids was carried out in air for 5 h at 400, 500, 600 or 700°C, respectively. The calcium oxide contents of the resulting materials were 0.75, 1.5 and 3 mol%. The chemicals employed were of analytical grade as supplied by Fluka.
Techniques
X-Ray diffraction (XRD) measurements of the pure and doped solids calcined at 400-700°C were performed using a Philips diffractometer (type PW 1390), employing Fe-filtered cobalt radiation (l = 1.7889 Å) at 30 kV and 10 mA at a scanning speed in 2q of 2°/min. The textural properties, viz. the specific surface area, total pore volume and mean hydraulic radius, were determined from the nitrogen adsorption data obtained at -196°C using a conventional volumetric apparatus. Before each adsorption run, the sample being studied was outgassed for 2 h at 200°C under a reduced pressure of 10 -6 Torr.
The catalytic decomposition of H 2 O 2 on the different catalyst samples was measured at three different temperatures (20-40°C). The reaction kinetics were measured under isothermal conditions by determining the volume of oxygen released as a function of time (up to 15 min). In all experiments, a known mass of the tested catalyst (50 mg) and a 0.5-ml volume of H 2 O 2 of a known concentration diluted to 10 ml with distilled water were employed. The volume of oxygen liberated was measured using a home-made gasometer similar to that described by Deren et al. (1963) .
RESULTS
Structural properties
X-Ray diffractograms of the pure and doped basic cobalt carbonate calcined at 500°C and 700°C were investigated. The diffraction patterns (not given) of the materials showed that they consisted mainly of well-crystallized cobaltic oxide. Furthermore, increasing the calcination temperature from 500°C to 700°C caused an increase in the relative intensity of the lines corresponding to the Co 3 O 4 phase. However, no lines corresponding to CaO or new compound phases were observed in the diffractograms obtained.
Textural properties
Various surface characteristics, viz. the specific surface area (S BET , m 2 /g), the total pore volume (V p , ml/g) and the mean hydraulic radius (r h , Å), for the pure and CaO-doped cobalt oxide samples calcined in air at 400-700°C were determined from the measured adsorption isotherms. All the isotherms displayed common characteristics, being similar in the shape to type II of Brunauer's classification (Brunauer 1945) . Representative adsorption/desorption isotherms for nitrogen on the pure and doped samples calcined at 500°C are depicted in Figure 1 . These isotherms consisted of an initial sigmoid section corresponding to the formation of the first adsorbed layer, an almost linear middle part representing multilayer formation and finally a steep vertical section corresponding to capillary condensation. The adsorption/desorption isotherms exhibited closed hysteresis loops over the high-pressure section of the isotherms. The existence of such hysteresis loops may be explained in terms of capillary condensation in mesopores.
The specific surface areas (S BET , m 2 /g) were estimated for all samples using the BET equation (Brunauer et al. 1938 ) adopting a value of 16 Å 2 for the cross-sectional area of the nitrogen molecule (Emmett and Brunauer 1937) . Another set of surface area values (S t , m 2 /g) for the investigated solids was obtained from the V l versus t plots (Lippens and de Boer 1965) and is listed in Table 1 . Such V l versus t plots were constructed by plotting V l (the amount of the adsorbate expressed as a liquid in ml/g at a given value of P/P 0 ) against the values of t (determined using a suitable standard t-curve as determined by the magnitude of the C-constant in the BET equation), the slope of the straight line passing through the origin being equal to the surface area of the adsorbent (S t ). The t-curve is a plot of the relative pressure (P/P 0 ) versus the statistical thickness (t) of the adsorbed film. The V l versus t plots obtained for both the pure and doped solids were similar to each other. Representative V l versus t plots for pure and CaO-doped Co 3 O 4 solids calcined at 500°C are illustrated in Figure 2 . It is seen from this figure that the pure and doped adsorbents contained mainly wide pores as reflected by the upward deviation of their V l versus t plots. The total pore volumes (V p , ml/g) of the tested solids were calculated using the relationship (Broekhoff and Linsen 1959) :
where V st is the volume of nitrogen adsorbed at saturation, i.e. as P/P 0 ®1. The mean hydraulic radii (r h , Å) of the pore systems were calculated using the relationship (Brindley and Choe 1961):
Values of S BET and S t for the pure and various CaO-doped Co 3 O 4 solids calcined at 400-700°C are given in Table 1 . It will be observed that the values of S BET and S t were close to each other for the different adsorbents investigated. This demonstrates that the correct choice of standard t-curve was made for pore analysis and also indicates the absence of ultramicropores in the adsorbents where the majority of pores were mesopores (Brunauer et al. 1967) . The data in Table 2 demonstrate the effects of calcium content and calcination temperature on the percentage change in S BET , V p and r h for various CaO-doped Co 3 O 4 solids. Figure 3 depicts the effect of calcination temperature on the BET surface area for the pure and doped Co 3 O 4 solids. It is seen from this figure that the S BET value for pure and CaO-doped cobaltic oxide decreased as the calcination temperature was increased from 400°C to 700°C, the maximum decrease in the value of S BET for the pure and 3 mol% CaO-doped solids being 50% and 86%, respectively. The relationship between the S BET value and the amount of CaO added to the Co 3 O 4 solid followed by calcination at different temperatures is illustrated in Figure 4 . Figure 4 shows that an increase in the amount of dopant present brought about a decrease in the S BET value for Co 3 O 4 calcined at 700°C. It is seen from Table 2 that the maximum decrease in the S BET value for Co 3 O 4 doped with 3 mol% CaO followed by calcination at 700°C attained a value of 63.3%. However, the doping process resulted in an increase in the S BET value of Co 3 O 4 calcined at 400, 500 and 600°C, respectively. Thus, the maximum increase in S BET for Co 3 O 4 due to doping with 3 mol% CaO followed by calcination at 400, 500 and 600°C attained 33.3, 63.5 and 34%, respectively (cf. Table 2 ). The data illustrate that the increase in the specific surface area was more pronounced for the heavily doped cobaltic oxide calcined at 500°C. Figure 5 shows the variation in total pore volume as a function of the amount of calcium oxide added to the Co 3 O 4 solid. This figure illustrates that V p for Co 3 O 4 calcined at 700°C decreased on increasing the content of CaO present. The maximum decrease in V p for Co 3 O 4 due to treatment with CaO occurred at 700°C and attained a value of 45.6% (cf. Table 2 ). Furthermore, CaO treatment at 400, 500 and 600°C led to an increase in V p for the Co 3 O 4 solid. It is clear from the data listed in Table 2 that the increase in V p was more pronounced for heavily doped Co 3 O 4 calcined at 500°C. Figure 6 depicts the relationship between the extent of dopant addition and the mean hydraulic radius of the resulting solid. This figure shows that an increase in the amount of CaO added brought about a decrease in the value of r h for Co 3 O 4 calcined at 400, 500 and 600°C, with the value increasing when the calcination temperature was increased further to 700°C. Moreover, both the decrease and the increase in the value of r h for the treated solids were more pronounced for heavily doped Co 3 O 4 calcined at 500°C and 700°C, respectively.
Hydrogen peroxide decomposition activity
The catalytic decomposition of H 2 O 2 on pure and doped catalyst samples calcined at 400, 500, 600 or 700°C was measured at 20, 30 and 40°C, respectively. The results obtained showed that the reaction followed first-order kinetics in all cases. The slopes of the first-order plots allowed ready determination of the reaction rate constant (k) measured at a given temperature over a given catalyst sample. It has been shown above that the doping of Co 3 O 4 with CaO followed by heat treatment at 400-600°C brought about a progressive increase in the BET surface area of the solid. Such an increase would be expected to be reflected in an increase in the catalytic activity of the CaO-treated cobaltic oxide. For this reason, the value of the reaction rate constant per unit surface area (k -) was calculated for the catalyzed reaction over the pure and doped catalysts.
The effect of the calcination temperature and CaO doping on the specific catalytic activity (k -) of Co 3 O 4 is best seen on comparing the values of k measured at different temperatures over various solids. Figure 7 depicts the variation in k as a function of dopant concentration for the reaction carried out at 30°C over pure and CaO-doped solids calcined at 400, 500, 600 and 700°C, respectively. The figure shows that the values of k -30°C for catalyst samples calcined at different temperatures increased on increasing the amount of CaO added from 0.75 mol% to 1.5 mol% and then decreased in the presence of 3 mol% CaO. The maximum increases in the values of k -30°C were observed after treatment with 1.5 mol% CaO followed by calcination at 400, 500, 600 and 700°C, respectively. The effect of calcination temperature on the specific catalytic activity measured at 30°C over the pure and doped catalysts is illustrated in Figure 8 . This shows that an increase in the calcination temperature of the pure and variously doped Co 3 O 4 catalysts over the range 400-700°C resulted in a decrease in their specific catalytic activities. This decrease was more pronounced for the pure and doped catalysts calcined at 700°C.
DISCUSSION
It is well documented in the literature (Arora et al. 1971 ) that two processes occur during heating: activation that occurs at low temperatures and sintering which predominates at high temperatures.
During activation, the creation of new pores is possible because of the thermal decomposition of the original preparation. On the other hand, sintering can be attributed to the collapse of the pore structure and also to grain growth. The role of calcium doping in modifying the specific surface area, total pore volume and the mean hydraulic radius of cobaltic oxide is best discussed in terms of the percentage change in S BET , V p and r h for Co 3 O 4 as a function of both the dopant ion concentration and the calcination temperature. The results obtained in this study show that doping at 400°C, 500°C and 600°C was accompanied by an increase in the values of both S BET and V p for Co 3 O 4 . In contrast, doping cobaltic oxide followed by calcination at 700°C led to a drastic decrease in the S BET and V p values. The reverse effects were observed in the r h values for Co 3 O 4 subjected to calcination at different temperatures.
The increase in the values of S BET and V p for doped oxides prepared over the temperature range 400-600°C may be explained in terms of the following: (ii) A relatively high percentage decrease (28%) in the mean hydraulic radii which led to pore narrowing (cf. data in Table 2 ). (iii) The fixation of a portion of the dopant ions in the uppermost surface layers of the solid (El-Shobaky et al. 1982) .
In other words, doping resulted from only a fraction of the added calcium ions while the rest remained as a separate phase whose amount was too small to be detected by XRD techniques (El-Shobaky and Turky 2001) . It seems that the formation of this surface oxide led to outward growth of the surface lattice with a consequent increase in the specific surface area. However, the amount of Ca 2+ ions retained on the surface of the Co 3 O 4 solid increased when the calcination temperature was increased from 400°C to 500°C.
The decrease in the values of S BET and V p for the doped oxides calcined in air at 700°C may be discussed in terms of the following: aggregation of these ions to yield an increasing amount of a well-crystallized Co 3 O 4 phase (Cheng and Yuan Cheng 1990). Indeed, XRD measurements showed that the crystallinity of the Co 3 O 4 phase increased on increasing the preparation temperature. (b) Fixation of some Ca 2+ ions in interstitial positions and/or in uncharged cationic vacancies in the Co 3 O 4 lattice may have led to the transformation of some of the Co 2+ ions into Co 3+ ions. The extent of foreign ion incorporation in cationic vacancies is limited by the concentration of these vacancies in the Co 3 O 4 solid, which depends on the deviation of the pure Co 3 O 4 from a stoichiometric composition. On this basis, the dissolution of a small fraction of Ca 2+ ions in Co 3 O 4 at 400-600°C via fixation in cationic vacancies and/or in interstitial positions cannot be ignored. The substitution of some of the cobalt cations by calcium ions was also possible energetically. This process of substitution has been proposed by Verwey et al. (1950) and de Boer (1958) . Dissolution of calcium ions in the Co 3 O 4 lattice according to this mechanism is accompanied by transformation of some of the cobalt ions from the divalent into the trivalent state (El-Shobaky et al. 1982) . The transformation of Co 2+ into Co 3+ ions would be accompanied by a decrease in the specific surface area in accordance with the marked pore widening from 62 Å to 92 Å. It would appear that most foreign ions at 700°C substituted a fraction of the oxide surface cations present in a few outermost layers.
The sintering process may occur according to different mechanisms such as particle adhesion, diffusion of the ions of the solid along the outermost surface layer of the lattice (thereby filling cracks and surface irregularities) or the collapse or shrinkage of the pore (Bialanski et al. 1962; Dry and Stone 1959) . These mechanisms mainly depend on the temperature at which thermal treatment was conducted and the nature of the solids studied (Roberts 1950; Hutting 1942; Dry and Stone 1959) . It has been reported that the rate constant for a sintering process when expressed as a function of the temperature can be successfully represented as an exponential equation (Nicholson 1965; Arora et al. 1971) .
The data for the specific surface areas of the different oxides calcined at various temperatures allow the calculation of approximate values for the activation energy of the sintering process (DE s ) by an application of the relationship (El-Shobaky and Khalil 1998):
where A is a constant. A plot of log S BET versus 1/T should be linear with the slope of this line providing the value of DE s . Figure 9 shows plots of log S BET versus 1/T for the various solids calcined in air at 400-700°C. The computed values of DE s are listed in Table 3 . It can be seen from the data in both Figure 9 and Table 3 that sintering of the Co 3 O 4 solid was greatly affected by the calcination temperature and the percentage of CaO present in the system concerned. Figure 9 demonstrates that two straight lines were exhibited by each sample, the two lines having different slopes that intersect at a particular calcination temperature. This suggests that sintering may have occurred according to different mechanisms. The first mechanism, dominating at temperatures between 400-600°C, may be due to grain growth as a result of particle-particle adhesion. The second mechanism, dominating at 600-700°C, may be due to a pore-widening process. In fact, an increase in the calcination temperature from 600°C to 700°C led to an increase in the mean hydraulic radii of the doped solids investigated.
It is clear from the data in Table 3 that the presence of 0.75 mol% CaO had no important effect on the activation energy for the sintering process that occurs mainly via grain growth. However, In other words, CaO doping of Co 3 O 4 conducted at 400-600°C caused a fluctuation in the values of DE s . This apparent discrepancy was resolved when the values of the pre-exponential constant (A) in the Arrhenius equation were taken into account. Such data are also listed in Table 3 and show that the value of ln A varied from 6 to 9 for pure and doped solids calcined at 400-600°C. These data reflect the heterogeneous nature of the surfaces of the treated solids. In order to account for this heterogeneity, the activation energies for the sintering of pure and doped samples calcined at 400-600°C were calculated adopting the value of A for the untreated sample calcined at 400°C. The resulting values (DE s *) obtained were virtually the same (within experimental error) for the pure and variously doped solids. This indicates that the doping of Co 3 O 4 with CaO followed by calcination at 400-600°C did not change the sintering mechanism.
In fact, Figure 9 shows that a plot of log S BET versus 1/T for the pure and doped solids at temperatures between 400°C and 600°C gave a straight line, indicating that sintering occurred by the same mechanism (grain growth) over this temperature range. However, it is possible that the doping process changed the concentration of active sites contributing to the sintering process on the sample surface. This conclusion is further supported by an analysis based on the dissipation function for the energy of the active sites arising from surface heterogeneity (Balandin 1953):
where E i is the interaction energy of site 'i' with the substrate. This equation may be converted into the form:
suggesting that a plot of ln A versus DE s for the variously doped samples should give a straight line whose slope and intercept would allow the evaluation of the constants h and a, respectively. Figure 10 depicts such a plot for the pure and doped Co 3 O 4 solids calcined at 400-600°C, from which the computed values of h and a were 0.09 mol/(kJ min) and 10 2 min -1 , respectively. These values indicate that doping Co 3 O 4 with CaO did not change the dissipation of active sites on the surfaces of the various solids calcined at 400-600°C but could have led to changes in both the mobility and concentration of these sites.
The addition of various amounts of CaO to Co 3 O 4 followed by calcination modified its catalytic activity towards H 2 O 2 decomposition. Both an increase and a decrease in the catalytic activity of the pure and doped solids was observed depending upon the amount of the dopant added and the calcination temperature employed. The decrease in the specific catalytic activity of cobaltic oxide induced by increasing the calcination temperature from 400°C to 700°C could be attributed to a significant decrease in the concentration of chemisorbed oxygen. This, in turn, would have led to a subsequent decrease in the concentration of active sites (Co 3+ -Co 2+ ion pairs) involved in the catalyzed reaction (El-Shobaky and Turky 2001).
The observed increase in the hydrogen peroxide decomposition activity of Co 3 O 4 due to doping with CaO (0.75-1.5 mol%) followed by calcination at 400-700°C could be directly attributed to an effective increase in the concentration of trivalent cobalt ions with a subsequent increase in the concentration of active sites (Co 3+ -Co 2+ and Co 3+ -Ca 2+ ion pairs) involved in H 2 O 2 decomposition. The concentration of trivalent cobalt ions increased as a result of the dissolution CaO in the Co 3 O 4 lattice to form a solid solution. Such a dissolution process would appear possible energetically at convenient temperatures because of the similarity between the ionic radii of the Ca 2+ and Co 2+ ions. Similar results have been reported for the catalytic decomposition of H 2 O 2 over cobaltic oxide catalyst doped with MgO, where an increase in rate was observed due to the increasing concentration of trivalent cobalt ions in the system (El-Shobaky and Turky 2001).
CONCLUSIONS
The following are the main conclusions that may be drawn from the results obtained:
1. The thermal products of pure and doped basic cobalt carbonate calcined at 400-700°C consisted mainly of the Co 3 O 4 phase. Doping did not lead to the formation of new crystalline compounds. 2. Calcium oxide treatment brought about significant changes in the surface and catalytic characteristics of the Co 3 O 4 solid investigated. Both an increase and decrease in BET surface area and catalytic activity of the treated solids was observed depending on the amount of CaO added and the calcination temperature employed. 3. The addition of different amounts of CaO to Co 3 O 4 followed by calcination at 400-700°C modified the activation energy for sintering, DE s , of the doped solids. Both an increase and decrease in the value of DE s was observed for the treated solid depending upon the amount of dopant added. 4. Treatment of Co 3 O 4 solid followed by heating at 400-600°C did not modify the mechanism of the sintering process but changed the concentration of active sites considerably without affecting their energetic nature.
